Nitrous oxide reductase (N 2 OR) catalyses the final step of bacterial denitrification, the two-electron reduction of nitrous oxide (N 2 O) to dinitrogen (N 2 ). N 2 OR contains two metal centers; a binuclear copper center, Cu A , that serves to receive electrons from soluble donors, and a tetranuclear copper-sulfide center, Cu Z , at the active site. Stopped flow experiments at low ionic strengths reveal rapid electron transfer (k obs = 150 s −1 ) between reduced horse heart (HH) cytochrome c and the Cu A center in fully oxidized N 2 OR. When fully reduced N 2 OR was mixed with oxidized cytochrome c, a similar rate of electron transfer was recorded for the reverse reaction, followed by a much slower internal electron transfer from Cu Z to Cu A (k obs = 0.1-0.4 s −1 ). The internal electron transfer process is likely to represent the rate-determining step in the catalytic cycle. Remarkably, in the absence of cytochrome c, fully reduced N 2 OR is inert towards its substrate, even though sufficient electrons are stored to initiate a single turnover. However, in the presence of reduced cytochrome c and N 2 O, a single turnover occurs after a lag-phase. We propose that a conformational change in N 2 OR is induced by its specific interaction with cytochrome c that in turn either permits electron transfer between Cu A and Cu Z or controls the rate of N 2 O decomposition at the active site.
Introduction
Nitrous oxide (N 2 O) along with carbon dioxide (CO 2 ) and methane is one of the three most important greenhouse gases. The largest source of man-made N 2 O emissions is agriculturally derived because soluble nitrate (NO 3 − ) and nitrite (NO 2 − ) ions, in the form of artificial fertilizers, are converted by some bacteria and fungi to atmospheric nitrogen in a process known as denitrification, in the course of which N 2 O gas, an intermediate, escapes from cells.
1,2 Denitrification requires four specialist enzyme activities to catalyze the sequential conversion of NO 3 − → NO 2 − → NO → N 2 O → N 2 . 3, 4 Of these the final step of denitrification, the 2-electron reduction of nitrous oxide to dinitrogen is catalysed by nitrous oxide reductase (N 2 OR) an enzyme found in bacteria but not apparently in denitrifying fungi. 5 A detailed investigation of the mechanism of N 2 OR would help our understanding of this activity and how it might be harnessed in remedial processes aimed at limiting N 2 O emissions. N 2 OR is a homodimer that is located in the bacterial periplasm. Recent X-ray structures of the enzymes from Pseudomonas nautica and Paracoccus denitrificans have revealed that each subunit (M W = 65 kDa) is organized into two domains 6,7 (Figs. 1a and 1b). One cupredoxin-like domain contains a binuclear copper center known as Cu A . The Cu A center can undergo a one-electron redox change and hence has a function similar to that in the well-known aa 3 -type cytochrome c oxidases (CcO) where it serves to receive an electron from soluble cytochromes c 8 (Fig. 1c) . For example, in Rhodobacter capsulatus, cytochrome c 2 is essential for electron transfer to N 2 OR. 9 Moreover, studies on Rhodobacter sphaeroides, 10 Wolinella succinogenes 11 and Paracoccus pantotrophus 12-14 have established the cognate periplasmic cytochromes c as natural electron donors to N 2 OR. At least in vitro, the cupredoxin pseudoazurin can also function as an alternative electron donor to N 2 OR isolated from P. pantotrophus. 14 In the closely related organism P. denitrificans deletion of the cytochrome c 550 gene does not compromise its ability to reduce nitrous oxide suggesting that pseudoazurin may also be a natural electron donor to N 2 OR in vivo. 15 The second domain comprises a 7-bladed propeller of b-sheets that contains the catalytic site, 7 a unique [Cu 4 S] center, called Cu Z , Figs. 1a and 1c. The original structural report at 2.9 Å resolution of the enzyme from P. nautica, failed to assign the l 4 ligand in Cu Z to inorganic sulfide. A combination of elemental analysis and resonance Raman spectroscopy of a 34 S enriched sample showed clearly that sulfur was a ligand to Cu Z . 16 Recently a higher resolution (1.6 Å ) structure of the enzyme from P. denitrificans in which the electron density at the Cu Z center is better resolved confirms this assignment. 6 The distance between the Cu A and Cu Z centers within a single subunit is greater than 30 Å , a distance that precludes physiologically relevant rates of intra-subunit electron transfer. However, the two subunits are orientated "head to tail" such that the Cu A center in one subunit lies only 10 Å from the Cu Z center in the second ensuring that pairs of redox centers in opposite subunits form the catalytically competent unit.
A pre-requisite to understanding the catalytic cycle of N 2 OR is the characterization of its redox properties. It is well established that Cu A is capable of carrying only one electron. However, of the five oxidation levels that can be written for Cu Z 
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D a l t o n T r a n s . conditions but only one when prepared aerobically. The difference between the two forms of the enzyme depends on the state of the Cu Z center. 19 An optically monitored equilibrium redox titration of the anaerobically prepared form of the enzyme showed that, in the absence of substrate, two electrons are transferred, each in a Nernstian process at +260 mV and +60 mV, the former corresponding to the addition of one electron to Cu A and, the latter, of one electron to Cu Z .
19
The enzyme can be prepared with each monomer in a fully oxidized, one-electron reduced (in which only Cu A is reduced), or two-electron reduced state (in which both Cu A and Cu Z have accepted one electron). The one-electron reduced form is prepared with ascorbate, whereas the two-electron reduced state requires exposure to excess dithionite. Mechanistic studies are required to establish the relevance of this super-reduced state of Cu Z to enzymatic catalysis and to determine whether it is formed in small amounts under turnover conditions. Few mechanistic studies have been reported to date and these have used the artificial electron donors, benzyl viologen and methyl viologen in steady-state kinetic measurements, 23-27 rather than the natural electron donors that are needed if conclusions are to be drawn about the catalytic cycle. To date the most detailed kinetic study using cytochrome c as the electron donor, has been performed with N 2 OR from W. succinogenes. 11 However, the kinetic behaviour of N 2 OR from this organism may not be typical since N 2 OR from W. succinogenes has an additional domain that contains a c-type heme not found in N 2 OR from any other source.
26,28
This paper presents the first kinetic experiments on N 2 OR carried out under pre-steady-state conditions. We have investigated the reactions of N 2 OR in the oxidized, one-electron and two-electron reduced states with HH cytochrome c and N 2 O, as well as carrying out single turnover experiments on the enzyme. HH cytochrome c is an efficient electron donor to several other enzymes of denitrification that have been purified from P. pantotrophus, for example, cytochrome cd 1 nitrite reductase.
29
Moreover, HH cytochrome c is reported to give a higher steadystate rate of N 2 O reduction with N 2 OR from P. pantotrophus compared with cytochromes c from other sources.
14 The results of these experiments allow us to propose a model of the catalytic cycle for N 2 OR.
Experimental
The preparation of N 2 OR from P. pantotrophus has been described elsewhere. 19 For the results reported here, the anaerobic form of the enzyme was used. 19 The experiments described here were carried out with the enzyme in a single redox state generated by incubating N 2 OR with 2 mM ferricyanide, ascorbate or dithionite for two hours to form the oxidized, one-electron and two-electron reduced forms, respectively. Excess oxidant or reductant were removed by buffer exchange using Microcon-30 centrifuge filter devices (Millipore). HH cytochrome c, purchased from Sigma and further purified as described elsewhere 30 was oxidized with 2 mM ferricyanide, or reduced with 2 mM ascorbate, and removed from excess reactants with Microcon-10 centrifuge filter devices. All operations were performed in a glove box under anaerobic conditions. The methyl viologen-linked N 2 O reductase activity was measured spectrophotometrically as described elsewhere.
24
UV/Vis stopped flow experiments were performed with an Applied Photophysics Bio-Sequential DX.17 MV spectrophotometer or a High Tech SF 61DX2 instrument in a glove box, both with a 1 cm path length cell. Absorption changes were detected either with a photomultiplier at a single wavelength or a photodiode array from 430 to 1000 nm. In the latter case, a cut off filter at 420 nm was employed in order to avoid photooxidation of HH cytochrome c. All solutions for the stopped flow experiments were buffered with 2.5 mM Tris/HCl, pH 7.5 and were made anaerobic by flushing with nitrogen gas. In the single-turnover experiments, either the N 2 OR solution or the HH cytochrome c solution was saturated with N 2 O. Further details are described in the figure legends. The kinetic data were analyzed with the programs Origin (Microcal) and TableCurve 2D (Jandel). Rate constants were determined by fitting the experimental time courses to exponential or second order functions as appropriate. Non-linear concentration dependence data were fitted to a hyperbolic function by non-linear least squares procedures. Computer simulations of single turnover time courses were performed using the simulation program Gepasi.
31

Results
The rate of electron transfer between reduced HH cytochrome c and oxidized N 2 OR was determined in the absence of N 2 O. Cytochrome c oxidation was monitored at 449 nm (De = 10.7 mM −1 cm −1 ) and redox changes in Cu A were monitored at 830 nm (De = 2.0 mM
, a region of the spectrum in which there is no contribution from cytochrome c (Fig. 2) . In these experiments no reduction of Cu Z was observed, presumably because the reduction potential of Cu Z , at +60 mV, is approximately 200 mV lower than the reduction potentials of either Cu A or HH cytochrome c. 19 Approximately 20% of the optical density change could not be resolved in our experiments since it occurs within the dead time of the instrument (ca. 2 ms). The magnitude of this absorbance change was determined from control experiments in which either cytochrome c or N 2 OR solutions were mixed with anaerobic buffer. The extent of oxidation of cytochrome c was calculated from the absorbance change at 449 nm, corrected for the contributions from Cu A and from the reaction occurring within the dead time. The amount of cytochrome c that is oxidized is dependent upon the concentration of cytochrome c. The concentration dependence is described by a hyperbolic curve (Fig. 3) , consistent with an equilibrium being established between cytochrome c and Cu A .
The apparent reduction potential of the solution at equilibrium was determined from the ratio of the concentrations of oxidized to reduced cytochrome c using eqn. (1):
In the best fit to these data, HH cytochrome c was determined to have a reduction potential that is 27 mV lower than that of Cu A (Fig. 3 ). This contrasts with the published data which reports that both Cu A and cytochrome c have the same reduction potential (E = +260 mV) 19,24,29,32 and presumably reflects the influence of protein-protein interaction. In the presence of excess reduced HH cytochrome c one electron is transferred from cytochrome c to oxidized N 2 OR. The magnitude of the absorbance change at 830 nm indicates that Cu A accepts one electron simultaneously with the oxidation of one equivalent of reduced cytochrome c. The observed rates of reduction of N 2 OR are hyperbolically dependent upon cytochrome c concentration at low (<50 mM NaCl) ionic strengths, and do not increase beyond a limiting value of 150 s −1 (data not shown). At higher salt concentrations the observed rates of electron transfer decrease reflecting the ionic nature of the interaction between HH cytochrome c and N 2 OR (Fig. 4) . Control-experiments at another concentration but the same Cc/N 2 OR ratio showed no Fig. 4 Dependence of the rate of electron-equilibration between HH cytochrome c and Cu A on the ionic strength. 4.5 lM oxidized N 2 OR was mixed in a stopped flow experiment with 15 lM reduced HH cytochrome c at different NaCl concentrations in 2.5 mM TrisCl pH 7.5 buffer. Absorbance changes were monitored at 449 nm (squares) and at 831 nm (circles).
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In other experiments, oxidized HH cytochrome c was rapidly mixed with two-electron reduced N 2 OR in which both Cu A and Cu Z are each reduced by a single electron. Under these circumstances we observed a rapid electron transfer between Cu A and cytochrome c (Fig. 5a ) with a rate (150 s −1 ) very similar to that seen in the cytochrome c oxidation experiment. However, Cu Z , detected at 691 nm, was oxidized with a 1000-fold slower rate. The consequent slow intra-molecular electron transfer from Cu Z to Cu A leads to the slow, rate limited second phase of cytochrome c reduction (Fig. 5b) . The rate of the latter phase does not vary with the concentration of HH cytochrome c but does vary slightly from preparation to preparation of N 2 OR (k obs = 0.1-0.4 s −1 ). If either oxidized or one-electron-reduced N 2 OR is incubated with N 2 O, no changes in the oxidation state of the metal centers can be detected by UV/Vis spectroscopy. Two-electron reduced N 2 OR shows only a very slow oxidation of Cu Z by N 2 O in spite of possessing two electrons which are sufficient for the reaction to proceed. However, when an excess of one-electron reduced N 2 OR was mixed with reduced HH cytochrome c in the presence of high N 2 O concentrations a single turnover occurred which was detected by the simultaneous oxidation of HH cytochrome c and Cu A (Fig. 6) . The time course for the reaction shows a lag-phase at all wavelengths studied, as previously reported in steady-state experiments.
14 With increasing HH cytochrome c concentrations, the turnover is saturated when [HH cytochrome c] > 12 lM with k obs ≤ 1.5 × 10 −2 s −1 for the slower step. The single turnover rate was found to be independent of the N 2 O concentration in the range of 0.5 to 12 mM in these experiments. This started with the semi-reduced form. Steps 1 to 2, 7 to 8 and 8 to 1 were not included. The rates of other steps were identified either from other experiments or determined by best fitting of the data. The outcome was k 2 = 150 s
. k 7 and k 8 must be fast since they do not affect the simulation. A rate of 1 × 10 5 s −1 was used.
When the oxidized form of N 2 OR was used, rather than the one-electron reduced form, fast electron equilibration between reduced HH cytochrome c and Cu A , as described above, was also observed. The rate of turnover, however, was about the same as that seen in experiments using two-electron reduced N 2 OR.
A single turnover experiment was also performed in three other ways. HH cytochrome c was pre-mixed with N 2 O and rapidly mixed with N 2 OR, was pre-mixed with N 2 OR and then rapidly mixed with N 2 O, and finally N 2 OR was pre-mixed with N 2 O and rapidly mixed with HH cytochrome c. No differences were observed between the kinetic behaviour under any of these conditions.
Discussion
In this study we have measured the electron transfer rates between cytochrome c, an electron donor that is a homologue of the physiological electron donor cytochrome c 550 , and the Cu A group of the enzyme, N 2 OR. We have also studied the ionic dependence of the interaction between these proteins. Initial studies of the electron transfer process from reduced cytochrome c to N 2 OR show that it is capable of reducing only the Cu A center, in a process that is rate-limited at low ionic strengths by intermolecular electron-transfer between the proteins (k obs = 150 s −1 ) rather than rate of association of the two proteins.
Interestingly, the rate of inter-molecular electron transfer that we observe is low in comparison with the similar reaction between cytochrome c and CcO.
33, 34 It has been reported that in the case of CcO a conserved tryptophan residue, localized on the CcO surface close to the Cu A , is crucial for a fast electron transfer reaction. 34 Mutation of this residue substantially lowers the electron transfer rate to values comparable to the cytochrome c-N 2 OR reaction. Structural differences between CcO and N 2 OR could therefore account for the lower transfer rates to N 2 OR. Electron transfer between cytochrome c and N 2 OR is, however, still much faster than the observed rate of turnover (described later) and, therefore, not rate limiting. Experimental investigations of electron transfer from reduced N 2 OR to oxidized cytochrome c indicate the presence of two kinetic processes. The first of these processes, that is the electron transfer from Cu A to cytochrome c, occurs at a concentration independent rate of 150 s −1 . The close correspondence of this rate with that of the opposed reduction rate is consistent with the essentially identical reduction potentials of the Cu A and cytochrome c redox centers reported above. The second, slower process involves the intra-molecular electron transfer from the reduced Cu Z center to the newly oxidized Cu A center. This reaction occurs with a first order rate constant of 0.1 s −1 . Using this rate constant and the equilibrium constant derived from the measured difference in reduction potential between the Cu Z and Cu A centers we initially determined the intra-molecular rate of electron transfer from Cu A to Cu Z to be approximately 1 × 10 −4 s −1 . Since Cu A is oxidized faster than Cu Z , the rate of intramolecular electron transfer between these groups must be rate limiting, rather than the inter-molecular electron transfer to cytochrome c. Moreover, as further reduction of cytochrome c in the second phase occurs at the same rate as the oxidation of Cu Z , neither the dissociation of the cytochrome c reduced first during the fast phase, nor the association of a second oxidized cytochrome c, which can accept a second electron, can be rate limiting.
These reactions were all studied in the absence of substrate, N 2 O. Next we followed the reaction of the enzyme with N 2 O in three different oxidation levels, oxidized, one-electron and two-electron reduced. In contrast a single turnover of the one-electron reduced form of N 2 OR with substrate N 2 O is observed if cytochrome c is used as the electron donor. The kinetics of oxidation of both cytochrome c and Cu A are similar and both show a lag-phase (Fig. 6) . No absorption change in the range from 430 to 1000 nm could be associated with any intermediate species during this lagphase nor could we detect reduction of Cu Z during this period. This might simply be due to very low concentrations of the intermediate species. The insensitivity displayed by the reaction kinetics to the order of mixing suggests that the association of the substrate is not rate limiting, a fact confirmed by the lack of dependence of the rate on the concentration of N 2 O.
We have combined all of these findings to construct a possible scheme for the action of N 2 OR with its soluble redox partner proteins (Scheme 1). There are two important features of this scheme. First, we envisage N 2 O binding to the Cu Z center when it is in the [Cu 2+ state that can reduce the substrate. Note that the one-electron reduced form would not be populated in the presence of dithionite. As a consequence we propose that the two-electron reduced enzyme formed in the reaction with dithionite is probably of no biological significance. Initial computer simulations employing Scheme 1 and the intra-molecular electron transfer rate from Cu A to Cu Z , determined from the independently measured redox potential for Cu Z , yielded time courses for turnover which closely matched the form of the experimental data. However, the amplitude of the theoretical time courses only matched those of the experimental data if the intra-molecular electron transfer rate was 3 × 10 −3 s −1 . In simple terms, the rate calculated from the redox potential data is too small to account for the rate of N 2 O reduction determined experimentally. In order to account for the observed rate of N 2 O reduction the redox potential of the Cu Z centre in the enzyme during turnover must be 150 mV rather than 60 mV. This discrepancy could arise in two ways. Firstly, the reported redox potential for the Cu Z centre was determined from the oxidation of the two-electron reduced enzyme in the absence of cytochrome c and so the value measured may not be appropriate for the enzyme during turnover. Alternatively as we have described above, evidence exists that the enzymic activity of N 2 OR is affected by complex formation with cytochrome c. Whether this gating function derives directly from some conformationally coupled change in the structural environment of Cu Z simultaneous with complex formation, or whether the redox potential change is consequent on the formation of a semi-reduced conformation cannot be determined at this time.
Additionally, the question remains as to how N 2 O is activated by the enzyme in the two-electron reduced state when the two electrons required to reduce the substrate are shared between two redox sites, Cu A Red and Cu Z Red , about 10 Å apart. 2+ . This state would be expected to be diamagnetic (Cu I = d 10 , S = 0) and lacking the intense chargetransfer bands of the partially oxidized redox-states of Cu Z . 21 We favor a role for this species in our reaction scheme even though it would be formed transiently at very low concentrations and would be difficult to detect spectroscopically.
The participation of super-reduced Cu Z would be consistent with recent reports that indicate that this species is found in the enzyme after prolonged reduction with either methyl-or benzylviologen and that it will directly reduce N 2 O.
21,22
In steady-state assays using these artificial electron donors the rate of turnover is significantly enhanced if the reaction is initiated with fully reduced N 2 OR, 21 although, in the oxidizing environment of the bacterial periplasm there are not any known redox proteins with a sufficiently low reduction potential (> −400 mV) that can serve as electron donors to reduce fully the Cu Z center.
It has previously been shown that steady-state rates observed with cytochrome c, or pseudoazurin, as electron donor (ca. 0.04 s −1 ) are much lower than in experiments with viologens (1-10 s −1 ) and depend on the electron donating protein.
11,14
It was, therefore, concluded that electron donation is probably the rate-limiting step in the catalytic cycle of N 2 OR. Direct analysis of this reaction does not support this conclusion. In fact, the electron donation, including association and dissociation of cytochrome c, is fast compared to the turnover. However, we have found a slow internal electron transfer of about 0.1 s −1 in the exergonic direction from Cu Z to Cu A . In order to explain the fast turnover with viologens one must assume that these electron donors bypass the electron-transfer path used with cytochrome c and that the decomposition of the substrate N 2 O is not rate limiting just as in the case of the cytochrome c-N 2 O turnover.
This argues that a conformational change in N 2 OR is induced by its specific interaction with cytochrome c which in turn permits electron transfer between Cu A and Cu Z to allow formation of the super-reduced [Cu I 4 S] 2+ form of Cu Z . The postulated complex has not yet been confirmed by independent experiments. This model will form the basis for further experimentation aimed at understanding why intra-molecular electron transfer in N 2 OR appears to be so highly controlled in turnover.
